ABSTRACT Battery storage has been adopted to coordinate with generators in automatic generation control (AGC). In this paper, a control strategy of battery storage involved in secondary frequency regulation is proposed. Through the analysis of the control mode based on area control error signal and the control mode based on area regulation requirement signal in AGC, the integrated control strategy was developed, and the switch timing and the output depth of the battery storage were defined. That is, when the system frequency is deteriorated and the frequency deviation | f | is large, according to the fuzzy logic method, the output power of the battery storage will be smoothened on the basis of the state of charge (SOC). When the system frequency is normal, the frequency deviation | f | will be small. The remaining frequency regulation capacity of generators can be used to improve the SOC. Furthermore, according to the defined frequency regulation evaluation indexes, MATLAB/Simulink was used to simulate the battery storage coordinating generators for secondary frequency regulation. A typical continuous disturbance was selected in the simulation. The results of the simulation showed that the proposed strategy could enhance the effect of frequency regulation, improve the SOC of the battery storage, and increase the utilization rate of the generator set.
I. INTRODUCTION
Challenges, such as the shortage of the fossil energy and the problems of environment protection require us to take advantage of renewable energy. With the advantage of abundant reserves and no pollution, renewable energy is expected to ease the fossil energy crisis and the environmental pollution problem considerably [1] , and has thus attracted the world's attention.
However, the output of the renewable energy is always random and volatile, and a large-scale input of renewable energy into a power grid will endanger the stability and security of the entire electric power system [2] . Therefore, the methods to maintain a stable power system are worth studying. As the penetration of intermittent renewable generation increases, it is difficult for generators to meet the requirements of grid frequency [3] - [5] . Rapid developments in battery storage technology, however, can provide the new effective means for controlling the frequency quality of the grid connected with the large-scale renewable energy sources [6] - [8] .
With respect to the frequency regulation, the characteristics of the battery storage are more suitable in a power system [9] , and the battery storage system used here has a faster power regulation speed, which can respond more quickly to the load variation of the system than the generator set. The experimental result in [10] showed that the response speed of the battery storage is 60 times that of thermal power unit. In [11] , wind farms and flywheels were introduced to assist the thermal power units in frequency regulation; this significantly reduced the number of actions performed at the thermal power units, relieved the fatigue and wear of the units caused by the frequency regulation, and helped to meet the evaluation index requirements of the frequency regulation.
Secondary frequency regulation requires a higher storage capacity and power than primary frequency regulation.
Thus, it is unrealistic to replace a traditional frequency regulation unit with battery storage [12] ; the battery storage can only be used as an auxiliary means to participate in the secondary frequency regulation process with the generator set at present. In most of the earlier studies, the control methods were mainly based on ACE signal and ARR signal. These two ways of control have their own advantages: the former can make full use of the characteristics of the fast response of battery storage, and in the latter case, because of the existence of PI links, the battery can output continuously [13] . A method to combine the advantages of these two control methods and enhance the secondary frequency regulation effect would constitute meaningful research.
On the other hand, in the process of secondary frequency regulation, only if the frequency regulation effect is considered without considering the state of the battery itself, the battery will be damaged. The SOC is closely related to the power output of the battery. With respect to the battery control, the relevant scholars have achieved some results. In [12] , a novel algorithm to manage battery charging operations by using a model-based control approach was proposed; the rapid charging strategy was formulated as a linear-timevarying model. Further, for solving the predictive control problem, constraints were imposed to protect the battery from overcharging and overheating. In [13] , an advanced machine learning approach for Lithium-Ion battery state estimation was proposed, and a SOC estimator was developed by this learning methodology. In [14] , the study focused on the simultaneous optimal component sizing and power management of a fuel cell/battery hybrid bus. All the research achievements reported in the above papers are helpful for considering the battery SOC in the process of secondary frequency regulation.
The main work of this paper is to solve the two problems mentioned above:
(1) Propose a new method to enhance the secondary frequency regulation effect based on ACE signal as well as ARR signal. (2) On the basis of the enhancement of the effect of frequency regulation, propose a new method to improve the battery state. In this study, fuzzy control was used to solve the considered problems.
Fuzzy control belongs to the category of intelligent control which has been widely applied in power systems. A fuzzy logic-based controller, in particular, helps in modeling complex system behaviors, where the direct relationship between the system input and the output cannot be expressed through equations, but by utilizing human understanding. In general, a fuzzy controller sets several inputs with only one output. The output value is determined by the input values and the fuzzy control rules. In this study, ACE signal or ARR signal and the SOC of the battery were considered the inputs, and the controller output was the power of the battery storage. When the fuzzy control rules were set appropriately, the regulation effect and the SOC of the battery storage would be enhanced and improved. Therefore, in this study, we utilized fuzzy logic for frequency regulation.
In [15] , the study presented a fuzzy logic-based frequency control strategy for distributed PV systems from the viewpoint of the frequency fluctuation problem. Such a fuzzy logic-based frequency controller has three inputs: average insolation, the rate of change of insolation, and the frequency deviation. In [16] , the study presented a distributed fuzzy logic controller design for vehicles to grid applications in frequency regulation; the grid was adjusted on the basis of the regulation demand and the SOC of the vehicle battery. In [17] , a unique fuzzy logic controller to accurately determine the reference value of active power was devised. All of these studies support the idea of designing a fuzzy controller to smoothen the output power of the battery storage.
This paper can be summarized as follows: first, the two common control modes of the battery storage involved in secondary frequency regulation are analyzed, and the modes are based on ACE signal and ARR signal, respectively. Then, the study combines the advantages of these two modes and uses the fuzzy logic method to smoothen the output power of the battery storage. Lastly, when the system frequency is normal, the remaining frequency regulation capacity of the generators will be used to improve the SOC of the battery. As mentioned, the study establishes an integrated control strategy.
II. CONTROL MODE ANALYSIS
In general, ACE signal is a comprehensive index, mainly used to judge whether the power generation and the load are in a state of equilibrium, which can be calculated by using the grid frequency, the tie-line power flow, and the system electric clock difference.
ACE signal converted by the PI controller, coupled with the secondary frequency regulation dead zone limitation, forms ARR signal. Both the two signals are allocated to the generator sets and the battery storage [18] . The battery storage is simplified as transfer function G e (s), and the generator set is simplified as transfer function G g (s); α and 1 − α are the proportion factors of battery storage and generator set, respectively, involved in secondary frequency regulation. K is the power regulation coefficient of the generator set in the primary frequency regulation, K p , K i , and β are the proportional controller coefficient, integral controller coefficient, and frequency deviation coefficient, respectively, of the PI controller. 1/(sM + D) is the transfer function of the interface between the motor and the grid, P L (s) and f (s) are the load disturbance and the frequency deviation, respectively. Additionally, P f (s) and P S (s) are the output depth of the generator set for the primary frequency regulation and for the secondary frequency regulation, respectively, P e (s) is the output depth of the battery storage for the secondary frequency regulation.
The transfer functions of G e (s) and G g (s) can be expressed as follows:
where T e is the time constant of the battery storage governor; T g , T CH , T RH , and F HP are the generator governor constant, steam turbine time constant, reheater time constant, and reheater gain, respectively [19] . The output depth P e (s), P f (s) and P S (s) can be calculated on the basis of Fig. 1 as follows:
The frequency deviation of the system is obtained by combining equations (1) and (2) as follows:
The relationship between the system frequency deviation and the load disturbance change rate is obtained by combining equations (2) and (3) as (4), shown at the bottom of this page. For equation (4), the partial derivative of α is as follows:
The dimensionless sensitivity based on the ACE control mode can be deduced from equation (5):
. (6) According to equation (6), even if a step disturbance occurs, because the frequency deviation and the load increment are always opposite, the first half of the sensitivity expression aβ f (s)/ P L (s) will be negative. The time constant of G e (s) is less than that of G g (s), and S α1 is less than zero in the initial stage. Furthermore, the absolute value increases first and then decreases to zero; eventually it goes beyond the zero point until it reaches a steady state. Here, S α1 = α/(1 − α), when S α1 is positive; the bigger the value of α is, the higher the frequency deviation will be.
ACE signal does not pass through the PI controller, and the output of the battery storage is directly proportional to the ACE signal. Therefore, this mode can immediately respond to a change in ACE. It is beneficial to recover the deviation of the transient frequency quickly, but doing so will restrain the recovery of the steady-state frequency deviation. The system parameters will be the same as those in ACE if the control mode is based on ACE. When the dead zone and the limitation are ignored, P f (s) and P S (s) will be the output depth of the generator set involved in the primary frequency regulation and the secondary frequency regulation, respectively. P e (s) is the output depth of the battery storage for the secondary frequency regulation. All of these three parameters can be obtained by Fig. 2 as follows:
B. CONTROL MODE BASED ON ARR SIGNAL
According to equations (1) and (7), the frequency deviation of the system is as follows:
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The relationship between the system frequency deviation and the load disturbance change rate is calculated by combining equations (7) and (8) as (9), shown at the bottom of the previous page.
For equation (9) , the partial derivative of the proportional factors of battery storage α can be expressed as follows:
The dimensionless sensitivity based on the ARR control mode can be deduced from equation (10) as follows:
. (11) According to equation (11), the frequency deviation will be increased or decreased by the PI controller and gradually stabilized. Furthermore, the time constant of G e (s) is less than that of G g (s), and the frequency deviation and the load increment are always different; therefore, S α2 is always negative in the entire transient process, and the absolute value increases first and then decreases gradually.
ARR signal first goes through the PI link, and the characteristic of its rapid output is partially inhibited. Because of the integral part of the battery storage, the amount of frequency regulation will not be recovered to zero, which can promote the ability of recovering the steady-state frequency deviation.
C. INTEGRATED CONTROL
1. The control mode based on ACE signal makes full use of the fast response characteristic of battery storage and can improve the correction of the transient frequency deviation, whereas the correction of the steady-state frequency deviation is not significant and the mode requires more power reserves. 2. The control mode based on ARR signal can improve the correction of the transient and the steady-state frequency deviation to a certain extent, particularly for the steady-state frequency deviation, but it requires more capacity reserves. This study maximized the advantages of the ACE control mode to recover the deviation of the transient frequency, as well as the ARR control mode to recover the deviation of the steady-state frequency; an integrated regulation mode of battery storage is presented, as shown in Fig. 3 .
III. OUTPUT STRATEGY OF BATTERY
When the frequency of the grid deteriorates, the fuzzy logic method will be introduced to limit the charging power and the discharging power according to the SOC. When the grid frequency is normal, the self-adaptive modification of SOC will be introduced, which implies that the remaining frequency regulation capacity of the generators can be used to improve the SOC. Thus, the grid and the status of storage can be mutually perceived.
The discrimination standard for judging the grid status is 30% of the secondary frequency regulation interval [20] . When abs( f ) ≤ 30% × 0.15 Hz, the self-adaptive modification of SOC should be considered. Fig. 4 shows that how this method make the grid and battery storage interact with each other. 
A. OUTPUT STRATEGY BASED ON FUZZY LOGIC METHOD
When the system frequency deteriorates, the battery storage will suppress ARR or ACE signal assigned to the storage. On the basis of the fuzzy logic method, the output power takes into account the SOC of the battery storage.
Under normal working conditions, when the SOC value is very low, the discharging power of the battery storage has to be reduced or the charging power has to be increased. Similarly, when the SOC value is very high, the charging power has to be reduced or the discharging power has to be increased. In this study, a fuzzy controller was used to limit the charging and discharging power according to the SOC of the battery storage.
The fuzzy controller designed in this study has two inputs and one output. One input is the ARR or ACE signal, the other input is the SOC of the battery storage. The output is the smoothened power of the battery storage.
The fuzzy controller adopts a Mamdani-type membership function [21] - [23] , and the quantization factors of the input are k 1 and k 2 , where k 1 refers to the SOC and k 2 refers to the ARR or ACE signal. The scale factor of the output P out is k 3 . These factors can be expressed as shown in (12):
where Pcm and Pdm are the rated charging and discharging power of the battery storage, respectively, η% is the charging or discharging efficiency of the battery storage. The fuzzy sets of the normalized SOC(t) and P int (t) are {NB (Negative Big), NM (Negative Medium), NS (Negative Small), ZO (Almost Zero), PS (Positive Small), PM (Positive Medium), and PB (Positive Big)}. The output P out (t) is decided by the input and the fuzzy logic rule. The domain of the output is [−1, 1], and the fuzzy set of P out (t) includes {NB (Negative Big), NM (Negative Medium), NS (Negative Small), ZO (Almost Zero), PS (Positive Small), PM (Positive Medium), and PB (Positive Big)}. The membership functions of the inputs and the outputs are shown in Figs. 6 and 7. The fuzzy logic rules are presented in Table 1 . The output of the fuzzy controller is also a fuzzy set, and it can be determined by the centriod method. Furthermore, the modified real-time output power can be expressed as follows [24] :
where u 1 and u 2 are the quantized SOC(t) and P int (t), respectively, and A u1 (t) and A u2 (t) are the membership function values of SOC(t) and P int (t), respectively. Therefore, the real-time output power P out (t) is obtained as shown in Fig. 8 .
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The output power of the battery storage is modified by the fuzzy controller. Therefore, the output can be self-adjusted according to the status of the SOC. The method can prevent the battery storage output when the SOC is out of the restriction, which avoid the generation of a secondary disturbance to the power grid and make the grid sense the frequency regulation ability of the battery storage.
B. SELF-ADAPTIVE MODIFICATION OF SOC OF BATTERY STORAGE
When the grid frequency is normal, the remaining frequency regulation capacity of generators can be used to improve the SOC, at this time, the direction of battery output power is opposite to that in the frequency regulation stage. In order to limit the output of the energy storage in the period of self-adaptive modification, the value of SOC is divided into five intervals. These intervals in the ascending order are as follows: [ When the SOC deteriorates ( f < 0, SOC < SOC low , or f > 0, SOC > SOC high ), and the system is in good condition (abs( f ) ≤ f 1 Hz, f 1 = 30% × 0.15 Hz), the battery begins to output. At the same time, the output of the battery storage should be ensured that the frequency deviation don't increase beyond the normal regulatory region (abs( f ) ≥ f 1 Hz, f 1 = 30% × 0.15 Hz). The battery output power is as shown in Fig. 9. (1) and equations (14) . The output restriction is shown in Fig. 9 . (2) and equations (15) .
WhereP c1 is the charging power of the battery storage; P d1 is the discharging power of the battery storage; P m is the rated power of the battery storage.
where P c2 and P d2 are the charging and discharging restrictions, respectively, which ensure that the frequency deviation does not cross the normal regulation area. Furthermore, f 1 refers to the size of the adjustment interval, as shown in Fig. 9(2) . When the SOC of the battery storage deteriorates and the system is in good condition, the storage output for the SOC modification appears as shown in Fig. 10 . The battery storage output power P ess in self-adaptive modification stage can be expressed as follows:
The strategy of the self-adaptive modification of SOC enables the battery storage to sense the grid status. When the grid frequency is normal and the SOC deteriorates, the battery performs a self-adaptive modification to improve the SOC. Therefore, the battery storage can provide a higher frequency regulation capacity for the subsequent tasks.
IV. INTEGRATED CONTROL STRATEGY
The integrated control strategy is involved in the secondary frequency regulation stage, and it is necessary to confirm the switching timing of the battery storage. Furthermore, the fuzzy logic method and the SOC self-adaptive modification are combined to determine the battery output depth. In this study, the evaluation indexes are also defined.
A. SWITCHING TIMING OF THE BATTERY STORAGE
The amount of the ACE signal is obviously higher than that of the ARR signal in the transient state, whereas in the steady state, the battery storage based on the ACE signal gradually reduces the output. The storage based on the ARR signal continues to provide the same output because of the integral link, which is favorable for reducing the steady-state frequency deviation. In this section, the battery storage control mode and the switching timing are as follows:
1. Start moment: As the ACE signal exceeds the limit set by the dead zone, the battery storage will begin to participate in the secondary frequency regulation. 2. Switching timing: According to the system status, the sensitivities of the ACE signal S α1 and the ARR signal S α2 are calculated and the control mode is selected.
Exit timing:
As the ACE signal or the ARR signal falls back into the dead zone; the battery storage will stop the output.
B. INTEGRATED CONTROL STRATEGY FLOW
On the basis of the previous analysis, the fuzzy logic method and the SOC self-adaptive modification strategy are combined. The concrete steps of the battery storage involved in the secondary frequency regulation are as follows: 1. Determine whether the battery storage is involved in the secondary frequency regulation according to the set value of the dead zone. 2. After the battery storage participates in the secondary frequency regulation, adopt the ACE control mode.
Then, obtain the ARR signal, and calculate the realtime sensitivity of ACE signal S α 1 and ARR signal S α 2. When S α1 / f > S α2 / f , select the ACE control mode. When S α1 / f < S α2 / f , switch to the ARR control mode. The control mode and the switching timing of the battery storage are obtained. 3. According to the system frequency deviation f and the SOC of the battery, judge the status of the battery storage and the system. When the system is in good condition but the SOC is poor, the SOC can be modified by the remaining frequency regulation capacity of the generator set; otherwise, the battery output is based on the fuzzy logic method. 4. Finally, determine whether the ACE signal or the ARR signal falls back into the dead zone, and determine the exit timing of the battery. The integrated control strategy flow is as shown in Fig. 11 . 
C. EVALUATION INDEX
The evaluation indexes of the frequency regulation are related to the frequency regulation power supply, defined as follows [25] , [26] .
1) EVALUATION INDEXES OF FREQUENCY EFFECT
f 0 , f m , f s , t 0 , t m , and t s are the initial frequency deviation, the maximum frequency deviation, the steady-state frequency deviation, and their respective moments. f rms is the root mean square value of frequency deviation f , V m is the frequency slip rate, V m = ( f 0 − f m )/(t m − t 0 ), and V r is the frequency reset rate, V r = ( f s − f m )/(t s − t m ). The definition shows that both the smaller V m and the faster the V r can contribute to a better frequency regulation effect.
2) CONTRIBUTION INDEXES OF POWER SUPPLY
SOC rmse is the root mean square error of the SOC and its reference value (0.5 in this study); the smaller the value of SOC rmse is, the closer the value of the SOC will be to 0.5, that is, the energy storage can maintain a better SOC. W ess is the total contribution energy of the battery storage to the secondary frequency regulation, and W gen is the total contribution energy of the generator set to the secondary frequency regulation. Both W ess and W gen can be integrated and calculated during the t 0 -t s period. The definition shows that the greater the value of W ess or W gen is, the greater the contribution of power supply to the secondary frequency regulation will be. 
V. SIMULATION AND VERIFICATION

A. SIMULATION PARAMETERS
The typical single-area system model was adopted in this study and the fixed frequency control (FFC) method was used to make the battery storage coordinates of the grid participate in the secondary frequency regulation [27] , [28] . The parameter settings of the simulation system are given in Tables 2 and 3 .
B. SIMULATION RESULTS ANALYSIS
The control mode based on the ARR signal is called ''ARR control'', and the control mode based on the ACE signal is called ''ACE control''. The integrated control mode presented in this paper is called ''Integrated control''. The control mode without battery storage is called ''No battery storage''.
The typical continuous load disturbance condition of 120-min in the region of Chenzhou, Hunan, China in 2014 was selected, as shown in Fig. 12 . For the different control modes, the frequency deviation of the system is shown in Fig. 13 . Fig. 14 shows the power supply contribution of the generator set and the battery. Fig 15 (a) , 15 (b) and 15(c) respectively describe the effect of using three control strategies when the initial SOC of the battery is 0.3, 0.5, and 0.8. Fig 15(d) describes the difference in the control effects in different SOC initial values using the integrated control strategy of this paper. The frequency regulation effect and power supply contribution indexes are shown in Table 4 -6.
From Fig. 12 to Fig. 15 , Table 4 -6, the following conclusions were drawn from three aspects: 
1) FREQUENCY REGULATION EFFECT
As shown in Fig. 13 and Table 4 -6, when the battery storage with different initial values of SOC is involved in the frequency regulation, the maximum frequency deviation f m and the frequency slip rate V m decrease while the frequency reset rate V r increase, according to the previous evaluation indexes. The participation of energy storage can improve the effect of frequency regulation.
''ACE control'' is essentially a proportional derivative (PD) control mode, which can improve the correction of the transient frequency deviation, whereas the correction of the steady-state frequency deviation is suppressed. ''ARR control'' is essentially a proportional integral (PI) control mode, that is, in this mode, continuous output is beneficial to restore the steady-state frequency deviation, but it has little effect on the frequency improvement of the system under a large frequency disturbance.
The calculation results can also be obtained from Table 4 -6. The average frequency slip rate V m of ''integrated control'' with the three sets of data is 1.06% and 1.28% lower than that in the ACE and ARR control mode, respectively. The average frequency reset rate V r of ''integrated control'' with the three sets of data is 29.42% and 5.55% higher than that in the ACE and ARR control mode, respectively. The integrated control mode has better frequency regulation effect than ACE control mode and ARR control mode. 
2) POWER SUPPLY CONTRIBUTION
From Fig. 14 and Table 4 -6, the average contribution of generator set of ''Integrated control'' with the three sets of data is 1.30% and 2.43% higher than that in the ACE and ARR control mode, respectively, which implies that the proposed method improves the utilization rate of the generator set.
As far as the battery storage contribution is concerned, the contribution of ''Integrated control'' is between that of ''ACE control'' and that of ''ARR control''. However, the ACE control method is at the expense of a certain frequency regulation effect. It shows that the proposed method can reduce the capacity requirement of the battery storage to a certain extent.
3) IMPROVEMENT OF BATTERY STORAGE SOC
The SOC should always be around 50% to provide the maximal flexibility, i.e. the smaller the value of SOC rmse is, the closer the change of the SOC will be to 0.5. Although the SOC rmse in ''ACE control'' is smaller than that in the integrated control mode in Fig. 15 (a) and Table 4 , the SOC rmse in ''Integrated control'' is smaller than that in the ACE control and ARR control mode in other conditions in Fig. 15 and Table 4 -6. Moreover, the average value of SOC rmse in ''Integrated control'' with the three sets of data is minimum, which implies that the proposed method can maintain the best battery state and can prevent battery overcharge or overdischarge. Fig. 15 (d) shows the change process of SOC when taking different initial values of SOC in ''Integrated control'', the change trends of the SOC are the same implying the rationality and effectiveness of ''Integrated control''.
VI. CONCLUSION
An integrated control mode based on the fuzzy logic method and the self-adaptive modification of SOC was proposed in this study. The characteristics of the ACE control mode and the ARR control mode were analyzed. Further, the integrated control mode combines the advantages of the two modes. The simulation verification shows that the control strategy proposed in this paper can recover the deviation of the transient frequency quickly, as well as promote the ability of recovering the steady-state frequency deviation. In contrast, the utilization rate of the generator set can be improved, and the state of the battery storage can be better. 
